ABSTRACT The attitude parameters of the 3-D movement of an aircraft are indicators of an aircraft's operating state. A method of sequence screen-spot imaging based on the laser-aided cooperative target is presented to support the measurement of aircraft attitude parameters in ground test experiments. The laseraided cooperative target is mounted on the aircraft surface and the laser spots are projected onto two fixed screen. High-speed cameras synchronously record the position of the laser spots on the screen. According to the position transformation relation between the coordinate systems, the aircraft attitude parameters can be calculated by analyzing the position of the sequence screen-spot image, which will change along with the aircraft attitude. A global calibration method based on the coplanar control points is proposed for the calibration of the measuring system. The experimental results show that the measurement accuracy of the attitude parameters for the proposed method is no more than 3' under the rotation angle from −10 • to +10 • . The proposed method can amplify the motion attitude of the aircraft by mounting the laser-aided cooperative target on the surface of the aircraft, which breaks the limitation of the geometric condition of the aircraft and improves the measurement accuracy.
I. INTRODUCTION
Attitude parameters of the rigid-body three-dimensional movement of an aircraft such as the roll, pitch, and yaw angles are essential parameters that reflect the operating state of the aircraft in a ground test experiment [1] - [4] , [21] - [23] . The precision measurement and analysis of the aircraft attitude parameters can verify the overall performance of the aircraft control system and components. Especially for failure, the analysis of unusual changes in the target attitude parameters is an important basis for locating faults. By analyzing the time history of the aircraft motion attitude, the performance of the aircraft control system can be evaluated, which provides essential reference data for the design and modification of the aircraft control system. Currently, the conventional methods of measuring aircraft attitude are telemetry and optical measurement methods. In the telemetry method, the commonly used equipment for the attitude measurement are the gyroscope [5] , the inertial navigation instrument [6] , [7] , GPS [8] -10], the attitude angle sensor, etc. During the flight of the aircraft, the measurement data from these devices are transmitted, and received by the ground receiving device. This method is known as the internal attitude measurement of the moving targets. The equipment used for the telemetry is the contact measurement equipment of the attitude angles, and the contact equipment must be installed on the measured target. In-flight attitude telemetry data are not reliable or accurate because of high loads, vibration, and other poor in-flight conditions. At the same time, the measurement accuracy of the telemetry is restricted by a GPS receiver and Inertial Measuring Unit (IMU) accuracy. The high-speed attitude transformation of the aircraft can cause the loss of GPS measurement data. The inertial navigation instrument is expensive and complicated, and its cumulative error can affect the measurement accuracy of the aircraft attitude parameters [11] .
The optical measurement method obtains the target image data by an imaging device such as a camera. Then the data are processed to obtain the high precision target feature parameter. This is known as the external attitude measurement of the moving targets. As a non-contact measurement method, the optical measurement method can work independent of the measured object. Hence the optical method holds the characteristics of anti-interference and high precision. Two types of measurements are made by using the optical attitude measurement method: one is the relative state measurement of the non-cooperative target; the other is the relative state measurement of the cooperative target. Because the non-cooperative target measurement does not need the characteristic device, it does not alter the motion parameters of the measured object, and thus will not introduce an error caused by the use of other additional devices. The measurement system can be the monocular vision system, or the binocular vision system. German Space Agency (DLR) designed a capture mechanism for the non-cooperative target orbit engine and a recognition algorithm based on multi-sensor data fusion for the non-cooperative target attitude measurement in 1990s [12] . Thienel et al. presented a nonlinear approach for estimating the body rates of a non-cooperative target vehicle, and coupled this estimation to a tracking control scheme [13] . Gao et al. presented a method based on a monocular camera for determining the attitude of a large non-cooperative target utilizing a partial rectangle [14] . Zhang et al. presented a method based on feature points for measuring the attitude parameter of the non-cooperative spacecraft [15] . Xu et al. presented a method for the autonomous recognition and attitude measurement of non-cooperative targets based on binocular vision, which is applicable to autonomous docking of spacecraft [16] . Ning et al. gave a coordinated parameter identification technique for the inertial parameters of noncooperative target [24] . In the attitude measurement of noncooperative targets, the accuracy of the attitude parameters calculated by the analytic algorithm is poor due to the influence of a system error and matching error of feature points. In addition, the non-cooperative target method has the characteristics of heavy computation and slow response.
The relative state measurement method for a cooperative target is to set the characteristic device in the target aircraft, and then the relative state is obtained by using the known position information of the feature points in the device. Many researchers have addressed the theoretical analysis and the application of the relative state measurement. The relative state measurement based on the cooperative target was first proposed by Fukui for the problem of robot navigation, and the adopted cooperative target is a diamond shape composed of four coplanar points [17] . Thereafter, most of the feature devices, which consist of three non-collinear feature points, four coplanar feature points or multiple non-coplanar feature points, are widely applied in the attitude measurement system of aircraft based on the cooperative targets. Huo and Yang designed a dynamic target image measurement system to calculate the dynamic target attitude parameters by using the position relation between the feature points and the cameras [18] . The control and simulation center of Harbin Institute of Technology proposed an optical measurement method based on two non-parallel straight lines composed of four feature points on the cooperative target, which can achieve the attitude parameter measurement of the target aircraft. Based on cooperation target of three geometric symmetric structures, Du et al. designed a feature device that is composed of six feature points [19] . Sun et al. addresses the relative poses control for cooperative spacecraft during rendezvous and proximity operations with parametric uncertainties based on the noncertainty equivalence approach [25] . According to the principle of perspective imaging, the relative state parameters between spacecraft can be calculated by using the feature point images in the cooperation target. Compared with the attitude measurement method based on the noncooperative target, there is no corresponding point matching problem between multi-frame images, which help to reduce the computational complexity and to improve the speed of measurement.
To provide a highly accurate and highly reliable measuring system, a method of sequence screen-spot imaging based on the laser-aided cooperative target is proposed to realize the attitude parameter measurement of the aircraft in ground test. A global calibration method based on the coplanar control points is presented for the calibration of the measuring system. The rest of this paper is organized as follows: the measurement principle of sequence screen-spot imaging is presented in Section 2; a global calibration method based on the coplanar control points is given for the calibration of the measuring system in Section 3; the mathematical model of attitude parameters based on sequence screen-spot imaging is constructed in Section 4; the experimental analysis and the discussion are presented in Section 5. Finally, the conclusion is provided in Section 6.
II. MEASUREMENT PRINCIPLE OF SEQUENCE SCREEN-SPOT IMAGING
The traditional vision-based attitude measurement system usually takes the feature points installed on the aircraft surface as the cooperation target. The images of the feature points are gained by the high-speed cameras. The attitude parameters of the aircraft can be calculated by the 3D coordinates of the feature points. As shown in Fig. 1 , the accuracy of the measuring system is closely related to the baseline length of the feature points on the aircraft. However, the increase of the baseline length for the feature points will reduce the measurement range of the aircraft attitude. At the same time, because of the limitation of the aircraft structure, the measuring accuracy of the attitude parameters cannot meet the requirements, even if the aircraft be in a small motion range.
The system structure of attitude parameter measurement based on the sequence spot imaging is shown in Fig.2 . It makes up of the high-speed camera, the projection screen and the laser-aided cooperation target. Projection screens are installed on both sides of the experimental site, and four highspeed CMOS cameras are placed on both sides of the screen. The laser-aided cooperative target is composed of four high power lasers. The laser-aided cooperation target is installed on the aircraft surface and emits the X-shaped laser indicating beam. The lasers emitted by the laser-aided cooperative target are collinear of each two laser beams in space. Two projection screens are utilized to receive the projecting spot of the laser beam. The laser indicating beam is projected onto the fixed projection screen on both sides of the testing field and can get four laser spots. The position of the laser spot changes with the change of the aircraft attitude. A laser tracker is used to calibrate the high-speed cameras and the fixed screen in the experimental site, and establish the transformation relationship between the various coordinates. The position change of the projection spot on the receiving surface is recorded by the high-speed camera. Finally, the sequence images are utilized to analyze to determine the attitude parameters of aircraft. Considering the limited angle of view of the camera, the single camera can not record the motion information of the laser spot when the rotation angle of the aircraft is large. Therefore, two cameras are positioned in each direction to ensure the integrity of the information in the image. A total of 4 highspeed cameras are needed in the test system. The proposed method can transform the measurement of the feature point of the aircraft surface into the measurement of an arbitrary point on the laser beam, which breaks the limitation of the geometric condition of the aircraft, increases the length of the measuring baseline between the feature points and improves the measurement accuracy.
III. GLOBAL CALIBRATION METHOD BASED ON COPLANAR CONTROL POINTS A. CALIBRATION OF CAMERA BASED ON COPLANAR CONTROL POINTS
In order to calculate the attitude parameter of the aircraft in the world coordinate system, the high-speed camera should be calibrated before the measurement. For the convenience of description, the world coordinate system is defined as O w X w Y w Z w , the aircraft coordinate system is defined as
, the origin O c is defined as the optical center of the camera. The axis Z c of the camera coordinate system coincides with the optical axis of the camera. The image coordinate system can be expressed as the pixel units and physical units, oxy is the physical coordinate system of image and the image pixel coordinate system is O uv . The spatial transformation relation of the coordinate systems is illustrated in Fig.3 .
Because different cameras have the different camera coordinate systems themselves, four high-speed cameras needed to be calibrated in the measurement of aircraft attitude parameters. For the convenience of description, only the general procedure of calibration is given.
Assume that the coordinate of an arbitrary point P is (x wi , y wi , z wi ) in the world coordinate system, and the coordinates of the projection point P in the image pixel coordinate system and the image physical coordinate system are (u, v) and (x, y), respectively. The relationship between the world and camera coordinate system is
where R i is the 3 × 3 orthogonal transformation matrix, T i is the translation vector (t x , t y , t z ) T . The matrix R i and the vector T i are the description of the direction and position between the camera coordinate system and the world coordinate system, respectively. The matrix R i can be expressed as follows (2), as shown at the top of the next page The relationship between the image and camera coordinate system is
where f i is the focal length of camera, (X ui , Y ui ) is the physical coordinate of image.
Due to the machining and assembly errors in the camera optical system, the lens does not fully meet the ideal perspective projection model. Therefore, radial distortion and tangential distortion are introduced into the model. Only consider the first-order radial distortion that can meet the actual accuracy in this method. Assume that r 2 di is x 2 di + y 2 di , the distortion model between the ideal and the actual image coordinate system can be established
where k is the first-order radial distortion parameter. Then the relationship between the image pixel coordinate system and the image physical coordinate system can be expressed as
where dx, dy are the scale factor of each pixel in x and y direction, respectively. (u 0i , v 0i ) is the principal point coordinate.
Because the control points are the coplanar points, we take z wi = 0. According to the radial parallel constraint condition [20] , the following equation can be obtained
The equation (6) can be can be transformed into a vector form
When the numbers of control points N are greater than 5, an overdetermined system of line equations can be established. The least squares method is used to solve the overdetermined equation to obtain the following parameters When the product of each two parameters in a 1 , a 2 , a 4 and a 5 is not simultaneously zero, based on the orthogonality of the matrix R i , the parameter t y can be calculated
Based on the orthogonality of the matrix R i , the remaining parameters can be calculated
r 7 = r 2 r 6 − r 3 r 5 r 8 = r 3 r 4 − r 1 r 6 r 9 = r 1 r 5 − r 2 r 4 (10) According to the equation (1), (3), (4) and (5), the following equation can be obtained
The least squares method is used to solve the equation (11) to obtain the parameters f i , k i and t zi .
B. GLOBALCALIBRATION METHOD FOR MEASURING SYSTEM
In order to eliminate the difficulty of manufacturing highprecision calibration target and improve the accuracy of the measuring system, it is necessary in order to calibrate the positions of each camera, the projection screen and the aircraft. A global calibration method based on the coplanar control points is presented. A laser tracker is used to establish the corresponding coordinate system and construct the VOLUME 6, 2018
appropriate coplanar control points on the projection screen as the calibration point. Fig. 4 shows the schematic diagram of the global calibration for the measuring system. The global calibration procedure of the measuring system is described as follows:
1 
The threshold value of the deviation E is set, and the construction point where the deviation value exceeds the threshold value is deleted and the camera parameters are recalibrated.
IV. CALIBRATION OF ATTITUDE PARAMETERS BASED ON SEQUENCE SCREEN-SPOT IMAGING
After completing the calibration of the high-speed camera, based on the projection spot image, the coordinates of the control points in the world coordinate system and aircraft coordinate system can be achieved, and the relative position and attitude of the aircraft can be further calculated.
Assume that P 1 , P 2 , P 3 and P 4 are the four projection spots corresponding to the four laser beams, respectively. The coordinates of four projection spots in the aircraft coordinate system O m X m Y m Z m and the world coordinate system O w X w Y w Z w are defined as P mi and P wi (i = 1, 2, 3, 4) , respectively. After the movement of the aircraft, because the coordinate O m X m Y m Z m of aircraft is connected with the laser-aided cooperative target, the coordinates P mi remains unchanged, while the coordinates P wi changes with the movement of the target aircraft.
The relationship between the world coordinate system and the aircraft coordinate system for four projection spots can be expressed as follows
where C wm is the rotation matrix from the aircraft coordinate system to the world coordinate system, T mwo is the position vector of the origin of the aircraft coordinate system in the world coordinate system. According to the design of laser-aided cooperative targets, the laser beams 1and 3 are collinear, and the laser beams 2 and 4 are collinear. According to the equation (13) , the following equation can be obtained
The projection of the four laser spots does not coincide in space. According to the space state matrix of feature spots, the following definitions can be obtained:
According to the equation (14) and (15), the following relations are given
Since C wm is the unit orthogonal matrix, the relation between the vectors A w1 and A w2 can be expressed as follows
At the same time, since the four projection spots are not collinear, the following definitions can be given
41570 VOLUME 6, 2018 According to the equation (17) and (18), the following relation is given
The following definitions are given
The equation (15) and (18) can be expressed as follows
According to the construction of D w and D m , and the four projection spots do not coincide and not collinear, D w and D m are full rank. Therefore, the rotation matrix C wm from the world coordinate system to the target coordinate system can be obtained
According to the calculated rotation matrix C wm and the position vector T mwo , the attitude parameters of the aircraft can be obtained.
V. EXERIMENTAL RESULTS AND ANALUSIS
To verify the feasibility and accuracy of the proposed method, the experiment of the attitude measurement is conducted. The rotational range of each axis is ±10 • in the experiment, the rotational speed of each axis is ±20 • /s. The three-axis turntable is used as the testing target to simulate the changes of the aircraft attitude. Four high-speed cameras are utilized to carry out the experiment. Fixed projection screens are set on both sides of the experimental field, the used screen for the experiment is 8m × 6m, the distance between the two screens is 13.5m. Four high-speed cameras are placed on both sides of the fixed screen (the exposure frequency is 1/40000s), and can receive the synchronization signal). A 3D Laser Tracker manufactured by American API Company, is used as optical measuring equipment to implement the global calibration of the measuring system.
A. ERROR ANALYSIS OF PROJECTION SCREEN
The experimental projection screens are the carrier of the laser spot and the important part of multi-sensor system calibration. The projection screen is situated on both sides of the test site. According to the movement range of the aircraft, the screen area is designed and built. Because the screen area needed to be designed is large, the fixed screen must be used to ensure that the wall is not deformed. The area of experimental screen is larger than 8m × 6m, the distance between the two screens is 13.5m. The screen surface is sprayed with matt paint to assure that the diffuse reflection of the spot on the screen will be occurred and to reduce the brightness changes of the laser spot caused by the specular reflection. The structure of the projection screen is shown in Fig.5 . Due to the change of the structure and the influence of the external environment, projection screens will be deformed, which needs to be calibrated to eliminate the measurement error. The planes of two fixed projection screens are implemented fully the scan measurement by using a laser tracker. The measurement results are fitted by least-square fitting method to obtain the measured datum plane and the projection plane. The left screen is viewed as the datum plane of the measurement. The right screen is used as the projection plane. Fig.6 shows the scan results of the two fixed projection screens. Table 1 shows the flatness error of two fixed projection screens.
It can be seen from the measurement results of Fig.6 and Table 1 that the maximum absolute value of the scan error of the left projection screen is 1.47mm, the standard deviation is 0.54mm. The maximum absolute value of the scan error of the left projection screen is 1.67mm, the standard deviation is 0.59mm. According to the design requirements, the flatness error of the projection screens is less than 1mm. It can be seen from the measurement results that the measuring accuracy of the projection screen is high and can meet the experimental requirements. As the projection screen area is large, it is difficult to improve the measuring accuracy by increasing the processing precision of the projection screen. In order to VOLUME 6, 2018 further improve the flatness accuracy of the projection screen, each projection screen can be divided into four regions, and respectively calibrated. Experimental results show that the standard deviation of the projection screens can be reduced from 0.59mm to 0.32mm.
B. CALIBRATION ERROR ANALYSIS OF OPTICAL IMAGING SYSTEM
The laser tracker is used to set the calibration points in the projection screens. The calibration points can be captured by the camera, and are used in the global calibration. The calibration accuracy is evaluated by the deviation between the actual three-dimensional coordinates of the calibration points and the coordinates of the inverse solution obtained from the global calibration parameters. The resolution of the camera is 1280 × 1024 pixel, the size of a pixel is 12µm × 12µm, and the exposure frequency is 1/40000s. The fixed focal length is 28mm, the object distance is 14m. The size of the field of view is 24 • . The size of the projection screen is 8m × 6m, the standard deviation of flatness is 0.6mm. The number of calibration points is 232. Fig. 7 shows the reverse error curve of the calibration points in the calibration process of the optical imaging system. Before the beginning of the measurement, the precise precalibration of the camera parameters is implemented by using a certain number of light points, which are formed on the actual plane by projecting the beam of known position in the space direction to the actual plane of measurement site. In the measurement process, the rapid calibration of the measurement field is carried out by using the position change of feature points on the image plane and the perspective projection error model. It can be observed from Fig. 7 that the maximum calibration deviation of the datum plane is −1.47mm in the x direction and 1.48mm in the y direction. The maximum calibration deviation of projection plane is 1.51mm in the x direction and 1.50mm in the y direction. The result of calibration using the projection screen is slightly lower than the datum screen. This indicates that the accuracy of the calibration points is partially lost during the projection process.
The calibration error of the optical imaging system is a comprehensive error factor, which is closely linked to the various components of the imaging system. From the calibration results, the resolution of the camera should arrive at possible within the allowable range for ensuring the higher calibration accuracy, while the distance between the camera and the screen should be as close as possible.
C. TURNTABLE VERIFICATION EXPERIMENT
The three-axis turntable is utilized to simulate the changes of the aircraft flight attitude. The laser-aided cooperation target is mounted on the three-axis turntable. Fig.8 shows the physical map of the three-axis turntable and laser tracker for the verification experiment. The validation experiment is structured the static and dynamic measurements. The initial positions of the turntable and the cooperation target are firstly recorded in the experiment. The point-by-point motion of the given angle and the continuous piecewise uniform motion is implemented by using the three-axis turntable. The static images and dynamic images of the projected laser spot on the screen are taken by the high-speed camera. The obtained data are utilized to analyze the effectiveness of the measuring method in different motion forms. Table 2 shows the measurement values and errors of the attitude parameters in the static motion of the three-axis turntable in a certain range of rotation. Table 3 shows the measurement values and errors of the attitude parameters in the dynamic motion.
From the static data shown in Table 2 , it can be seen that the measurement error vary with the change of the rotation angle. With the increase of the rotation angle, the error gradually becomes larger, which indicates that there is a certain accumulation error in the measurement. There are still some errors when the angle of the axes return to the zero point, which is primarily due to the installation and rotary error of the simulation turntable itself, and errors can be reduced after the correction and compensation. There are not the image movement of laser spots and the gas jets of aircraft in static experiments. Therefore, the error mainly comes from processing precision of the laser-aided cooperation target. The improvement of the processing precision for the laseraided cooperative target can improve the measuring accuracy of the attitude parameters. The measuring accuracy of pitch angle is lower than the yaw and the roll angle in the static measurement. The main reason is due to the influence of the measuring method and the machining precision of the laseraided cooperation target. Compared to the yaw and the roll angle, the amplification of motion in the direction of the pitch angle is the smallest, which affects the measurement accuracy of the pitch angle. The increase of the angle between the two laser beams in the laser-aided cooperative target can improve the measuring accuracy of the pitch angle, but this will also reduce the measuring range of the whole system, which has to be designed according to the actual requirements.
The motion curves and the error curves of the yaw angle, the roll angle and the pitch angle are shown in Fig.9 , Fig.10 and Fig.11 after 27s continuous turntable motion. It can be seen from the measuring results shown in Fig.9 , Fig.10 and Fig.11 that the change of curve in the dynamic measurement results indicates the rotation process of a singleaxis, the measured single-axis motion curve is basically consistent with the turntable rotation curve. The overall trend of the dynamic measurement error is also consistent with the static measurement error.
But the error value has a certain fluctuation compared with the static measurement value, which is mainly caused by the mechanical vibration during the movement of the turntable. The measuring error is relatively large at the position where the change of velocity is obvious (i.e., the inflection point of the motion curve). The error distribution of the dynamic measurement satisfies the tendency of normal distribution. The measuring error of pitch angle is larger than the yaw angle and the roll angle in the results of dynamic measurement, the reason is mainly due to the influence of the vibration of the turntable itself, it can be reduced in the actual testing experiment of the aircraft. Table 4 shows the uncertainty of the attitude parameters in the dynamic measurement. It can be seen that the extended uncertainty (3σ ) of the measuring error does not exceed 3 under the rotation range ±10 • . The measuring error of the roll angle and the yaw angle is lower than 1.7 and the measuring error of the pitch angle is less than 3 . The measuring error of the pitch angle is greater than the measuring error of the roll angle and yaw angle. In the measurement system, the measurement baseline of the pitch angle is less than the measurement baseline of the roll and yaw angle, so its measurement accuracy is more affected by the positioning accuracy of projection spot. For the above reasons, the measuring error of the roll angle and the yaw angle is mainly derived from the conversion error of the coordinate systems.
VI. CONCLUSION
To achieve the measurement of the aircraft attitude parameters in the ground testing experiment, a method of sequence screen-spot imaging based on the laser-aided cooperative target is proposed. The position transformation relations between the coordinate systems are constructed and the global calibration of the measuring system is given. The experimental verification of the proposed method is performed by using the three-axis turntable. The experimental results show that the accuracy of the proposed method is not more than 3 in a definite rotation range. From the proposed method, it can be seen that the sequence screen-spot imaging method transfer the measured object from the cooperative target point of the aircraft to the laser spot of the screen, so that the moving range of the laser cooperation target is enlarged. The distance between the two laser spots of the laser cooperation target point is enlarged, and the measurement accuracy will be increased. Compared with the previous attitude measurement method, the screen-spot imaging method has the advantages of high precision and simple. It is appropriate for the ground testing measurement of aircraft attitude parameters. 
